A novel electrode design strategy of carbon-coated FeP particles anchored on a conducting carbon nanotube network (CNT@FeP-C) is designed to achieve a superior sodium ion storage. Such a unique structure demonstrated excellent long-life cycling stability (a 95% capacity retention for more than 1200 cycles at 3 A g -1 ) and rate capability (delivered 272 mAh g -1 at 8 A g -1 ) . This is an author-produced, peer-reviewed version of this article. The final, definitive version of this document can be found online at Chemical Communications,
In the past decades, lithium-ion batteries (LIBs) have attracted extensive attention in electric vehicles and portable electronic devices [1] [2] [3] [4] . However, the surging cost and limited resources of lithium have restricted its application for large-scale energy storage systems coupled with intermittent renewable power generation 5 . In contrast, sodium-ion batteries (SIBs) as an attractive alternative to LIBs have obtained renewed attention because of the natural abundance and low cost of sodium raw materials. Nevertheless, great challenges still remain in realizing SIB's full potentials. The sluggish kinetics and severe volume changes during Na + insertion/extraction caused by the larger sodium ion (1.02 Å) lead to poor cycling stability and rate capability, which present significant challenges for future SIB advancements [6] [7] [8] [9] [10] . Therefore, it is critically important to develop electrode materials with enhanced Na + storage and transport properties as well as structural stability to overcome these issues.
Iron phosphide (FeP) has attracted increased intention in recent years due to its good electrochemical activity for hydrogen evolution reaction 11, 12 , but the application of FeP in SIBs is still in the early stage. Wang et al. 13 reported that a graphene wrapped FeP anode exhibited an initial discharge capacity of about 1000 mAh g −1 at 0.1 A g -1 but only retained ∼400 mAh g −1 after 250 cycles. Li et al. 12 prepared CoP/FeP composite electrode interconnected by reduced graphene oxide, which displayed 480 mAh g −1 at a current density of 100 mA g -1 . Nevertheless, the long-term cycling performance in the reported FeP anode materials is not satisfactory especially at fast charge/discharge rates due to their intrinsically low electronic conductivity and the large volume change during sodiation/desodiation process. Hence, in order to improve the electrochemical properties of FeP-based anodes, an effective approach is to combine the merits of the electrically and ionically conducting carbon and FeP utilizing a unique nanostructure.
Herein, we demonstrate an anode based on carbon-coated FeP nanoparticles anchored on carbon nanotube networks (CNT@FeP-C), which could keep the FeP nanoparticles within flexible carbon hosts and maintain monodispersity among the hosts concurrently. This strategy has several advantages: (1) the interconnected conductive network from CNTs and carbon shell at the nanoparticles favor fast electron/ion transfer and transport, promoting superior rate capability; (2) the CNT networks as backbones are crucial to maintain monodispersity of active materials and thus can decrease the stress from particle agglomeration; (3) the elastic carbon shell can relieve the mechanical stress resulted from the volume expansion/contraction during Na + insertion/extraction processes and protect the active particles from corrosion. When evaluated as the anode for SIBs, the CNT@FeP-C composite electrode exhibited ultra-long cycling performance and superior rate capability.
X-ray diffraction (XRD) was used to study the crystal structure and phase of the CNT@ FeP-C ( Figure S1a , Supporting Information). The diffraction pattern of this material is in good agreement with the orthorthombic FeP (JCPDS no. 65-2595). The XRD result suggests that the material is free of impurities. It also suggests that the materials have a small grain size, which is calculated to be ~ 2 nm according to the Scherrer equation 14 . The Raman spectrum in Figure S1b exhibits two distinct peaks centered at ~1356 and ~1600 cm -1 , corresponding to the D band for disorder sp 2 carbon, and the G band for in plane vibration of graphitic sp 2 carbons. The integrated intensity ratio (ID/IG) is about 0.8, indicating the presence of highly crystallized carbon 15 , which favors fast electron transfer. Compared to FeP (10 -2 S m -1 ), CNT@FeP-C exhibits a remarkable increase in electrical conductivity by up to 2 order of magnitude (8 S m -1 ), promoting the electron transport for enhanced electrochemical reactions. Furthermore, the actual content of the FeP in the as-prepared sample was evaluated by thermogravimetric analysis (TGA). From Figure S2 (Supporting Information), a small weight loss occurs at below 200 o C, which can be explained by the removal of surface water, while the second weight loss between 200 to 300 o C is ascribed to the amorphous carbon coating (5%) 13 . Finally, the distinct weight loss from 300 to 600 o C is attributed to the combined effects of the oxidation of FeP 13 and decomposition of CNT. According to the TGA results of FeP and CNT@FeP-C, the weight content of FeP and carbon in the composite is calculated to be about 59.3% and 36.7%, respectively. The structure and morphology of the as-prepared sample were investigated by the scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Compared with pure CNT shown in Figure S3 significant role such that it preserves the monodispersity of FeP nanoparticles, and suppresses the growth of primary nanoparticles during the hydrothermal and annealing process at the same time.
XPS was used to study the surface element electronic state and chemical components of the CNT@FeP-C nanocomposite. The survey spectrum demonstrates the existence of Fe, P, C and O elements at the sample surface (Figure 2a ). The high resolution XPS Fe 2p spectrum (Figure 2b) shows peaks with binding energy centered at 707.7 and 720.9 eV, corresponding to the Fe (II) 2p3/2 and 2p1/2 peaks, respectively. The peaks centered at 713.3 and 727.2 eV can be explained by the oxidized Fe species in FeP due to prolonged exposure to air 11 . For P 2p high resolution spectrum (Figure 2c ), there are two main peaks: P 2p3/2 and P 2p1/2 at 129.3 and 130.1 eV, respectively, which are characteristic of FeP. Meanwhile, the high binding energy peak located at 133.6 eV could be assigned to the P species associated with the oxidation of the sample during the measurement 11 . As for the high resolution C 1s spectrum (Figure 2d ), it can be deconvoluted into four peaks: the main peak located at 284.4 eV ascribed to C=C/C-C and the three peaks at 285.4, 286.5 and 288.7 eV corresponding to C≡C/C-C, C=O and O-C=O, respectively. N2 adsorption-desorption isotherm is shown in Figure S4 (Supporting Information) with a typical IV isotherm. The specific Brunauer-Emmett-Teller (BET) area of the CNT@FeP-C is 138.4 m 2 g -1 .
The discharge-charge profile of the electrode in the voltage range of 0.01~ 3 V at 500 mA g -1 is illustrated in Figure 3a . The CNT@FeP-C electrode delivers a discharge capacity of 700 mAh g -1 and charge capacity of 425 mAh g -1 with an initial Coulombic efficiency (CE) of 60.7%. The large initial capacity loss is attributed to the formation of irreversible Na2O and a SEI layer 13 . In the following cycles, the discharge and charge curves almost overlap and the corresponding CE value is as high as 99%. The rate performance of the CNT@FeP-C nanocomposiete is shown in Figure 3b . The anode delivers a stable discharge capacity of 264 and 340 mAh g -1 at high current density of 1 and 2 A g -1 , respectively. Furthermore, when the current density is increased to 5 A g -1 , a high reversible capacity of 285 mAh g -1 is maintained during subsequent cycles. As the rate is set back to 500 mA g -1 , the capacity could be recovered to 386 mAh g -1 and remains stable in the following cycles. It is worth noting that the rate study was performed after 5 initial cycles at a low rate, which was used to fully activate the electrode. The long-term cycling performance of the CNT@FeP-C nanocomposite electrode was evaluated at a current density of 3 A g -1 (Figure 3c ). The CNT@FeP-C nanocomposite electrode maintains a reversible capacity of 321 mAh g -1 after 1200 cycles without noticeable decay, which indicates that the electrode exhibits a superior longterm cycling stability.
The cycling performance of FeP and CNT control samples were also conducted to compare with the CNT@FeP-C nanocomposite electrode. As shown in Figure S5 (Supporting Information), the FeP and CNT electrodes only deliver 165 and 30 mAh g −1 after 100 cycles at 1 A g −1 , respectively, which are significantly inferior to the performance of the CNT@FeP-C. Considering of the poor performance of pure FeP and CNT electrodes, it strongly suggests that CNT only contributes a small portion in the whole sodium ion storage of CNT@FeP-C but it can play a critical role in keeping the monodispersity of the nanoparticle, maintaining structure stability and enhancing electrical and ion conductivity. To investigate the electrochemical properties of the CNT@FeP-C nanocomposite electrode, electrochemical impedance spectroscopy (EIS) measurements were conducted. The Nyquist plots (Figure 3d ) are characterized by a depressed semicircle in the high-tomedium frequency range and a straight sloping line in the low frequency region. The kinetic parameters can be determined by fitting the measured impedance spectra with an equivalent circuit model (Figure 3d ). Re and Rf are the ohmic resistance and the SEI film resistance, respectively. Rct represent the charge-transfer resistance at the electrode surface. Zw is the Warburg impedance, which can be associated with the diffusion of sodium ions into the active electrode. It is found that the Re stays almost the same among all samples, Zw increased gradually from 103.4 to 126.1 and 129.2  after 10 and 100 cycles. The increase of Zw from the first cycle to subsequent cycles can be explained by the inevitable formation of SEI film 14 . In addition, the Rct values decreased after the initial cycle and remained fairly stable after 100 cycles (385 and 392  after 10 and 100 cycles, respectively), revealing an improved charge transfer kinetics. Moreover, the diffusion coefficient of Na + within the active materials can be calculated according to the following equation 16 :
where A is the surface area of electrode, n is the number of electron transfer, F is the Faraday constant, C is the molar concentration of Na + , and σ is the Warburg factor calculated from the slope of the lines between Z' and ω -1/2 (the inset in Figure S6 ) through equation (2): Z ⁄ (2) The DNa + values of the electrode before cycling and after 10 and 100 cycles are 5.64×10 -13 cm 2 s -1 , 3.12×10 -12 cm 2 s -1 , 3.68×10 -12 cm 2 s -1 , respectively. It is apparent that the Na + diffusivity in the electrode is enhanced after cycling and remains stable with further cycling. Comparing to other metal phosphide electrode 17, 18 , the CNT@FeP-C electrode showed higher D value, revealing faster Na + diffusion kinetics. This is possibly due to the high structural integrity of CNT@FeP-C, which can help explain its superb rate capability as shown earlier in this section.
The sodium ion storage property of CNT@FeP-C was investigated by cyclic voltammetry (CV) (Figure 4a ). The initial cathodic process is dramatically different from the subsequent cycles, two distinct peaks can be observed at ~0.75 and 0.29 V vs. Na/Na + , which could be explained by the sodiation process and the formation of SEI film on the electrode, respectively 19 . In the following cycles, the peak at ~ 0.29 V disappears, indicating the irreversible formation of SEI and that the formed SEI is stable. The anodic peak centered around 1.85 V almost overlap in all cycles, which can be attributed to Na + removal from the NaxFeP phase, showing an outstanding reversible Na + extraction 20 . The sodiation of FeP could be described as follows 13, 19, 20 :
Fep Na → Na FeP (3) Na FeP 3 Na 3 e → Na P Fe (4) To understand the charge storage and transport mechanism of the CNT@FeP-C electrode, we conducted CV at various scan rates (Figure 4b) . The CNT@FeP-C electrode demonstrates a typical conversion process, which is consistent with previous publications 19, 20 . The capacitive and diffusion contributions to electrochemical charge storage in the CNT@FeP-C electrode can be analyzed with varying scan rates according to the following equation 21 :
(5) where a and b are adjustable parameters, i represents the current, and v stands for the scan rate. The b-value can be determined from the slope by plotting log i vs. log v. In particular, when b = 0.5, the electrochemical process is limited by diffusion. Whereas b = 1 suggests that the charge storage is dominated by a capacitive process. As shown in Figure 4b , the b values were determined by the slopes from linear fitting of the curves of log(i) vs. log(v) in the cathodic process. The b-value was analyzed to be 0.76 at the cathodic peak (Fig 4c) , which implied that the charge storage is mixed controlled. At potentials higher or lower than the peak potential, the b-value is in the range of 0.8~0.9, indicating that the capacitive process becomes dominant which is associated with the high rate performance of the electrode. Furthermore, to estimate the contribution from pseudocapacitive process at a small scan rate, we can distinguish it from the total current from the following formula: ⁄ (6) k1v and k2v 1/2 represent capacitive and diffusion-controlled contribution 22 , respectively. By determining k1 and k2, it is possible to calculate the contributions from diffusion-controlled reaction and capacitor-like processes. The capacitive-controlled contribution (shaded region) at a scan rate of 0.5 mV s -1 is shown in Figure 4d , which clearly indicates that the diffusion-controlled alloying/dealloying processes mainly occurs near the peaks and the capacitive contribution is about 52.7%.
In summary, we demonstrate a nanocomposite electrode composed of carbon coated mondispersed FeP nanoparticles anchored on a CNT network. The CNT network has the benefit of not only confining the active nanoparticle within flexible conductive hosts but also enhancing the conductivity to facilitate both electron and ion transport. Accordingly, the as-synthesized CNT@FeP-C electrode demonstrates excellent electrochemical performance in terms of long-term cycling (without obvious capacity decay after 1200 cycles) and superior rate capability (272 mAh g -1 at a current density of 8 A g -1 ). It is anticipated that the strategy shown in this work could be applied in designing other conversion-type electrode materials for high performance energy storage systems.
